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一个考虑沉积物孔径分布特征的水合物相平衡模型
颜荣涛 1 魏厚振 1 吴二林 1 王淑云 2 韦昌富 1,*
(1中国科学院武汉岩土力学研究所,岩土力学与工程国家重点实验室,武汉 430071; 2中国科学院力学研究所,北京 100190)
摘要: 天然气水合物的相平衡条件一直是水合物相关研究的重点和难点.本文探讨了沉积物孔隙大小及其分
布特征对水合物相平衡条件的影响机理,提出了有效孔隙半径的概念,并利用沉积物孔隙大小分布特征,假设
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A Phase Equilibrium Model for Gas Hydrates
Considering Pore-Size Distribution of Sediments
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Abstract: The phase equilibrium condition for gas hydrates has been an important and difficult subject
in gas hydrate-related research. In this paper, the mechanism of the effect of pore-size distribution on the
phase equilibrium is first explored and the concept of effective pore radius is proposed. Using information
on the pore-size distribution of sediments, a relationship between hydrate saturation and effective pore
radius is developed. Combined with the van der Waals-Platteeuw model, this relationship was then used
to develop a new phase equilibrium model for gas hydrates in sediments, which can properly account for
the effect of pore-size distribution. In contrast to the traditional models, this new model does not represent
a curve on the p-T plane but instead addresses the relationship between the temperature, pressure, and
hydrate saturation. Such a feature allows the new model to take into account the effect of pore-size
distribution on the phase equilibrium while treating the formation and/or dissolution processes of gas
hydrates in pores more realistically. The simulated results were compared with the experimental data
available in literature showing that the new model gives better results compared with the other traditional
models. Given the temperature and the pore pressure, the hydrate saturation can be determined using the
proposed model. Therefore, the new model can be used to estimate the amount of hydrate resources in
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的 van der Waals-Platteeuw相平衡模型的基础上加
入孔隙水活度项和孔隙毛细效应项来考虑以上因
素对水合物相平衡的影响, 得到了广泛的认同.
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图1 沉积物简化模型图 13












































Sh = ∫rμ+ 3σ f (r)dr (2)
根据统计概率学基本规律,16式(1)、(2)中的沉积物平
均孔隙半径和孔隙均方差可由式(3)、(4)得出:






Sh = ∫rμ+ 3σ[1/( 2π σ)]exp[(r -μ)2/(2σ2)]dr (5)
利用修正的 van der Waals-Platteeuw相平衡模
型,水合物相平衡时p-T-r之间的关系可表示如下:17
Δμ0w (RT0) -∫T0TfΔHw (RT 2)dT +
∫0pfΔVw (RTf )dp -ln(γw xw) +∑
i
ηiln(1 -Yi) + VL(2(cos θ)σhw) (rRTf ) = 0 (6)
其中,






∫T0TfΔH liqw (RT 2)dT        Tf > TQ1
∫T0TQ1ΔH liqw (RT 2)dT + ∫TQ1TfΔH icew (RT 2)dT   Tf < TQ1
(7)
ΔHw =ΔH 0w + ∫T0TfΔCp(T)dT (8)
ΔCp(T) =ΔC 0p + b(T -T0) (9)
TQ1 = T0[ ]1 -2σiw (ρwΔHfwr) (10)
Yi = Ci fi (1 + Ci fi) (11)
在式 (6)-(11)中, Δμw0表示在温度为 T0 (这里, T0 =







Fig.2 Schematic diagam of the pore size distribution
in the sediment
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个数; Yi表示 i类空晶格子被气体的占据比率; fi为气
体逸度; Ci为Langmuir吸附常数,与温度有关,可以
由式(12)确定:18








































Wilder等人 22测定的 5 nm硅胶中的甲烷水合物、
Seshadri等人 17测定的 7.5 nm硅胶中丙烷水合物和














差σ取 1.67 nm; 对于Wilder等人 22的甲烷水合物相
平衡, 平均孔隙半径μ取 5 nm, 孔隙均方差σ取 1.3
nm;对于Seshadri和Wilder17的丙烷水合物相平衡实
验,平均孔隙半径μ取值为7.5 nm,孔隙均方差σ取为
1.67 nm;对于 Smith等人 23的二氧化碳水合物的相
平衡数据,平均孔隙半径μ取值为 7.5 nm,孔隙均方
差σ取为2 nm.
图 3-6分别为本模型预测的Handa 和 Stupin21
的 7 nm硅胶中的甲烷水合物、Wilder等人 22的 5 nm
硅胶中的甲烷水合物、Seshadri等人 17的7.5 nm硅胶







饱和度之间的关系, p-T-Sh三维图. 图 3a-图 6a是




















Table 1 Experimental datas on phase equilibrium







































































































































































Table 2 Parameter values of model
























































Fig.3 Comparision of calculated and measured21 phase
equilibrium conditions for methane hydrates in
silicon gel (7 nm)
(a) p-T; (b) p-T-Sh, line represents predicted data and dot represents
experimental data.
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图6 硅胶(7.5 nm)中CO2烷水合物相平衡条件的模型计算与实验结果 23比较
Fig6 Comparision of calculated and measured 23 phase equilibrium conditions for CO2 hydrates in silicon gel (7.5 nm)
(a) p-T, (b) p-T-Sh, line represents predicted data and dot represents experimental data.
图4 硅胶(5 nm)中甲烷水合物相平衡条件的模型计算与实验结果 22比较
Fig.4 Comparision of calculated and measured22 phase equilibrium conditions for methane hydrates in silicon gel (5 nm)
(a) p-T; (b) p-T-Sh, line represents predicted data and dot represents experimental data.
图5 硅胶(7.5 nm)中丙烷水合物相平衡条件的模型计算与实验结果 17比较
Fig.5 Comparision of calculated and measured 17 phase equilibrium conditions for propane hydrates in silicon gel (7.5 nm)




















(1) Jin, Q. H.; Zhang, G. X.; Yang, M. Z. Introduction of Natural
Gas Hydrate Resources; Science Press: Beijing, 2006; pp 1-
169. [金庆焕,张光学,杨木壮.天然气水合物资源概论.北
京:科学出版社, 2006: 1-169.]
(2) Gan, H. Y.; Wang, J. S.; Hu, G. W. Journal of Disaster
Prevention and Mitigation Eengineering 2004, 24, 177. [甘华
阳,王家生,胡高韦.防灾减灾工程学报, 2004, 24, 177.]
(3) Xu, X. Z.; Cheng, G. D. Advances in Earth Science 1999, 14,
201. [徐学祖,程国栋.地球科学进展, 1999, 14, 201.]
(4) Yan, W. T.; Chen, J. W.; Fan, D. J. Marine Geology Letters
2006, 22, 38. [颜文涛,陈建文,范德江.海洋地质动态, 2006,
22, 38.]
(5) Xu, W. Y. American Mineralogist 2004, 89, 1271.
(6) Mienert, J.; Vanneste, M.; Bunz, S.; Andreassen, K.; Haflidason,
H.; Sejrup, H. P. Marine and Petroleum Geology 2005, 22, 233.
(7) Sultan, N.; Cochonat, P.; Foucher, J. P.; Mienert, J. Marine
Geology 2004, 213, 379.
(8) Parrish, W. R.; Prausnit, J. M. Industrial & Engineering
Chemistry Process Design and Development 1972, 11, 26.
(9) van der Waals, J. H.; Platteeuw, J. C. Adv. Chem. Phys. 1959, 2,
1.
(10) Ben Clennell, M.; Hovland, M.; Booth, J. S.; Henry, P.; Winters,
W. J. J. Geophys. Res.-Solid Earth 1999, 104, 22985.
(11) Henry, P.; Thomas, M.; Ben Clennell, M. J. Geophys. Res.-Solid
Earth 1999, 104, 23005.
(12) Clarke, M. A.; Pooladi-Darvish, M.; Bishnoi, P. R. Industrial &
Engineering Chemistry Research 1999, 38, 2485.
(13) Wilder, J. W.; Seshadri, K.; Smith, D. H. Langmuir 2001, 17,
6729.
(14) Sun, R.; Duan, Z. H. Chemical Geology 2007, 244, 248.
(15) Chen, G. J.; Ma, Q. L.; Guo, T. M. Journal of Chemical Industry
and Engineering (China) 2000, 51, 626. [陈光进,马庆兰,郭
天民.化工学报, 2000, 51, 626.]
(16) Sheng, Z.; Xie, S. Q.; Pan, C. Y. Probability and Mathematical
Statistics; Higher Education Press: Beijing, 2001; pp 37-69.
[盛 骤,谢式千,潘承毅.概率论与数理统计.北京:高等教育
出版社, 2001: 37-69.]
(17) Seshadri, K.; Wilder, J. W.; Smith, D. H. J. Phys. Chem. B 2001,
105, 2627.
(18) Munck, J.; Skjoid-Jorgensen, S.; Rasmussen, P. Chem. Eng. Sci.
1988, 43, 2661.
(19) Dewhurst, D. N.; Aplin, A. C.; Sarda, J. P. J. Geophys.
Res.-Solid Earth 1999, 104, 29261.
(20) Klauda, J. B.; Sandler, S. I. Industrial & Engineering Chemistry
Research 2001, 40, 4197.
(21) Handa, Y. P.; Stupin, D. Y. J. Phys. Chem. 1992, 96, 8599.
(22) Wilder, J. W.; Seshadri, K.; Smith, D. H. J. Phys. Chem. B 2001,
105, 9970.
(23) Smith, D. H.; Wilder, J. W.; Seshadri, K. Environmental Science
& Technology 2002, 36, 5192.
(24) Smith, D. H.; Wilder, J. W.; Seshadri, K. AICHE Journal 2002,
48, 393.
(25) Sloan, E. D.; Carolyn, A. K. Clathrate Hydrates of Natural
Gases; CRC Press: Boca Raton, FL, 2008; pp 359-435.
301
